Hydrogen peroxide solutions are found in almost every operating theatre and are used by many surgical specialties, often with little knowledge of their inherent risk. We reviewed the literature and evidence related to the use of hydrogen peroxide in surgery. We found little evidence supporting the use of hydrogen peroxide solutions intraoperatively, a large number of reports of sometimes-fatal oxygen embolism and other evidence of tissue toxicity. We conclude that the use of hydrogen peroxide as an antiseptic has no direct benefit, but is associated with significant risk, and therefore should be reconsidered.
Hydrogen peroxide solutions are found in almost every operating theatre and are used by many surgical specialties, often with little knowledge of their inherent risk. Prompted by a likely case of oxygen embolism in our institution, we reviewed the literature and evidence related to the use of hydrogen peroxide in surgery.
METHODS
A literature review was undertaken to discover all reported cases of oxygen embolus from hydrogen peroxide and articles related to the history and use of hydrogen peroxide in surgery. The Medline, Embase and PubMed databases were used in this search. Our strategy included reviewing all articles with the term "hydrogen peroxide" as a keyword. This term was also combined with keyword searches of "oxygen embolus", "embolus", "antisepsis", "haemostasis", "irrigation" and "arthroplasty". All retrieved articles were then hand-searched for further relevant references.
PHARMACOLOGY
Hydrogen peroxide (H 2 O 2 ) is an inorganic compound that forms a clear aqueous solution in water and is non-flammable 1 . Hydrogen peroxide is a toxic reactive oxygen species, which is capable of forming highly toxic hydroxyl radicals via the Fenton reaction 2,3 . It is produced in small amounts during the normal metabolism of oxygen in the body. Under normal conditions it does not accumulate to dangerous levels because it is broken down to oxygen and water by the glutathione/glutathione peroxidase system and the enzyme catalase 2 :
Catalase is found predominantly in peroxisomes inside cells. It is a tetramer of four polypeptides, each containing a haem group which reacts with hydrogen peroxide 4 . Human catalase is highly efficient, mediating the breakdown of up to 200,000 molecules of hydrogen peroxide per second 2,5 . One millilitre of 3% hydrogen peroxide solution will produce 9.8 millilitres of oxygen 6, 7 .
OXYGEN EMBOLISM
There are approximately 62 cases described in the international literature of severe morbidity and mortality resulting from intraoperative oxygen embolism, but only two in the Australasian literature 2, 6, . This is despite the fact that in the latest report of the Victorian Consultative Council on Anaesthetic Mortality and Morbidity hydrogen peroxide solutions were specifically mentioned in three cases of oxygen embolism 59 . It is our experience that hydrogen peroxide is still used regularly in orthopaedic surgery to prepare the bony bed in cemented arthroplasties 60, 61 . This practice appears to be promulgated by word of mouth, rather than from any journal or operative textbook. In other surgical specialties hydrogen peroxide is used in the treatment of infected wounds or for haemostasis 2, [62] [63] [64] .
Although hydrogen peroxide is commonly believed to require open vessels to gain entry to the vasculature, Mut et al demonstrated that hydrogen peroxide can pass directly through brain tissue to reach deep blood vessels where it reacts with catalase in the endothelial wall 2 . Hydrogen peroxide is already known to cross intact gastric and intestinal mucosae 7, 65, 66 . There is also evidence that hydrogen peroxide increases endothelial permeability directly and moves through cell walls via aquaporins 3, 67 . This mechanism would also account for the many case studies where hydrogen peroxide solutions caused significant emboli with intact tissues 1, 7, 11, 58, 68 . The volume of hydrogen peroxide solution required to cause emboli appears to vary according to the site of application. When applied close to vessels or to major organs such as the brain, heart or lungs, the volume required to cause morbidity may be as low as five millilitres 24 . Thus extreme care should be taken in these situations.
CLINICAL APPLICATION -IS IT EVIDENCE-BASED?
Hydrogen peroxide was first produced by the French chemist Louis-Jaques Thénard in 1818 and has been used clinically since the 1850s 69 . The first review of hydrogen peroxide was by Dr B. W. Richardson, a close friend of the early anaesthetist Dr John Snow, in a set of two lectures presented to the Medical Society of London and published in the Lancet in 1891 [70] [71] [72] . There was initial enthusiastic adoption of hydrogen peroxide to treat all manner of conditions including typhoid, diphtheria, bowel infections, eczema, epilepsy, influenzal pneumoniae, bladder infections, infected wounds and even as an intravenous source of oxygen during cardiopulmonary resuscitation 70 . Hydrogen peroxide is still used in dentistry, however modern surgical uses for hydrogen peroxide have been reduced to its roles as an antiseptic, to aid mechanical debridement of infected wounds, for haemostasis, to prepare the bony surface during arthroplasty, to identify fistula tracts and a number of other novel uses, including evacuation of bladder clots, unblocking tympanostomy tubes and treating vaginal infections 57, 70, 71, [73] [74] [75] [76] [77] [78] . Our literature search revealed a lack of evidence to support its use in many of these applications.
Hydrogen peroxide is still widely used as an antiseptic, however there is little evidence to support its use in this way, and significant evidence that it is toxic to many cell types and bone itself 60, 63, [79] [80] [81] [82] . Despite in vitro effectiveness in killing bacteria at concentrations of 3 to 6%, in vivo hydrogen peroxide is rapidly and completely inactivated by catalase found within all human cells and the bacteria themselves 2, 63, 79, 83, 84 . This in vivo effect was first observed in 1915 and has been studied since 84, 85 . In addition Staphylococcus aureus and Pseudomonas aeruginosa, which account for the majority of wound infections, have been shown to be especially resistant to the effects of hydrogen peroxide because of the presence of catalase in these families of bacteria 63 . Hydrogen peroxide is highly toxic to fibroblasts, osteoblasts, bone, neural tissue and tumour cells. Recent reviews have explicitly stated that hydrogen peroxide should not be used as an antiseptic 62, 63, 79, 83, [86] [87] [88] [89] .
Hydrogen peroxide is used for its ability to mechanically debride wounds and bone surfaces, however this effect has never been studied directly 8, 18, 19, 60, 61, 90, 91 . The mechanical effect of hydrogen peroxide has been studied indirectly using the pullout strength of a prosthesis as a surrogate endpoint by Ackland et al 61 . They were unable to demonstrate any significant difference between normal saline irrigation and hydrogen peroxidesoaked gauze packs, or any difference between pulsed saline lavage alone and pulsed saline lavage with hydrogen peroxide-soaked gauze packs. There is however, good evidence that high volume, lowto-medium pressure pulsed saline lavage is safe and effective at reducing bacterial loads and removing wound debris 64, 92, 93 . Indeed if any additive substance used with saline lavage has been demonstrated to be effective, safe and non-toxic in removing bacteria and debris from wounds it is the humble soap [93] [94] [95] .
Hydrogen peroxide is mainly used as a haemostatic agent in neurosurgery where it is effective as a haemostatic agent 2, 12, 18, 29, 43, 48 . There are a number of possible mechanisms of haemostasis, including formation of peroxynitrite with vasoconstriction, platelet aggregation, thrombus formation and the occluding effect of microbubbles in the local blood vessels 2 . However there are several case reports of severe stroke associated with the use of hydrogen peroxide solutions even when very small volumes of peroxide were applied directly to the brain surface 2, 24, 28 . This effect still occurs even when there is an intact pial layer as reported by Mut et al, who demonstrated that hydrogen peroxide directly crossed the intact pia 2 . As a result, hydrogen peroxide must be used with caution when it is applied on or close to the brain.
In cemented arthroplasty 60 , hydrogen peroxide is used to clean the bony surface prior to cementing the joint prosthesis in order to maximise the bonecement strength. However there has only been one positive study to show that hydrogen peroxide actually increases bone-cement strength 74 . Two subsequent studies have demonstrated that hydrogen peroxide neither increases or decreases the initial bonecement strength 61, 96 . Hydrogen peroxide has also been shown to cause superficial cracking of titanium alloy and erosion of hydroxyapatite, even after quite brief exposures 91 . In view of the lack of an antiseptic effect, toxicity to bone, osteoblasts and chondrocytes and the risk of oxygen embolus, the role of hydrogen peroxide in arthroplasty must be reassessed 80 .
CONCLUSION
Morbidity and mortality from oxygen liberation has been reported ever since the early use of hydrogen peroxide in the 1850s 57 . We believe that the persisting widespread use of hydrogen peroxide in surgical practice is partly due to tradition, partly due to its pleasing visual effect and partly due to the lack of awareness of the literature relating to the adverse effects of hydrogen peroxide.
We have found very little evidence to support its use as an irrigation solution or as an antiseptic agent, and significant evidence that it is toxic to many human tissues. In addition we found little evidence to support the use of hydrogen peroxide in arthroplasty and substantial evidence to question whether the risks of its use in neurosurgery outweigh its benefits. We conclude that the use of hydrogen peroxide as an antiseptic has no direct benefits, but is associated with significant risk, and therefore should be reconsidered. As anaesthetists we are in an ideal position to alert and increase the awareness of our surgical colleagues about the potential dangers of this seemingly innocuous substance.
